ABSTRACT-ATP/dithiothreitol (DTT)-stimulated guanylate cyclase (GC) in lung membrane was stimulated 18-fold by ATP and DTT, and both its activity and atrial natriuretic peptide (ANP)-stimulated GC activity were observed to be additive. ATP /DTT-stimulated GC was solubilized by octyl glucoside (OG) to examine the mechanism of ATP /DTT-stimulation. GC in OG-extracts was stimulated maximally 2.5-fold by both ATP, ATPgS or AMPPNP, and DTT. Preincubation of OG-extracts at 10°C with AMPPNP and DTT (1st-preincubation) converted GC to an insensitive state to stimulation by both ATP and DTT, and this conversion was partly inhibited by a protein phosphatase-1 inhibitor (10 -1000 nM okadaic acid). On the other hand, ANP-stimulated GC was not converted to an insensitive state to ANP /ATP-stimulation by the 1st-preincubation. Subsequent preincubation of OG-extracts at 10°C with both DTT and, ATP or ATPgS but not AMPPNP converted GC to a state sensitive to ATP /DTT-stimulation, and this conversion was partly inhibited by inhibitors of Ca 2+ /calmodulin-dependent protein kinase II . In contrast, the preincubation with KN-62 and KN-93 had no effect on ANP-stimulated GC activity. The results suggested that phosphorylation was involved in the regulation of ATP /DTT-stimulated GC sensitivity to ATP /DTTstimulation and that ATP /DTT-stimulated GC activity was likely to be a different type from ANP-stimulated GC activity.
There are two types of GC [EC 4.6.1.2]: cytosolic (soluble GC) and membrane-bound (particulate GC). Soluble GCs are heme-containing heterodimers composed of a and b subunits that are activated by NO and CO. Particulate GC is a family of transmembrane receptor-linked enzymes. Seven mammalian particulate GC isoforms (GC-A to GC-G) have been identified (1, 2) and eight membrane GCs in medaka fish reported (3) . Extracellular domains of some particulate GCs bind peptide ligands, resulting in activation of GC activity. Receptors for ANP (GC-A) (4, 5) , CNP (GC-B) and STa (GC-C) function in this manner. GC-D, -E, -F and -G are orphan receptors for which ligands remain to be identified. Some activators for particulate GCs have been reported (6, 7) .
Little is known about intrinsic mechanisms of the regulation of particulate GC. Some reports have shown that GC-A and GC-B require adenine nucleotides for their maximal activation by ANP and CNP, respectively (8 -11) . The effect of ATP on GC activity may, in part, be due to nucleotide binding (8 -10) . The ATP-binding site is suggested to be located on a kinase-like domain of GC (12) , but direct measurements of adenine nucleotide binding have not been reported. Deletion of the kinase-like domain from GC-A, -B, and -C resulted in constitutive activation of those enzymes (12 -14) . On the other hand, phosphorylation is also an important mechanism regulating particulate GC (15 -21) . It was reported that dephosphorylation resulted in desensitization of the receptors to their ligands (15, 16) and phosphorylation was required for activation of GC-A or GC-B (17 -19) . However, the protein kinases and phosphatases involved have yet to be identified (1, 21) . Therefore, the mechanisms of particulate GC activation remain to be defined.
Previously, Asakawa and colleagues had found out an activity of GC distinct from the previously described GC activity in lung membranes and synaptic plasma membranes of rats. The activity of this GC, named ATP /DTTstimulated GC, was greatly stimulated in the presence of both ATP and DTT, but little stimulation was observed with ATP or DTT alone. Some of our findings have been published as an abstract (22) . In the present study, ATP /DTT-stimulated GC was successfully solubilized by OG, retaining an ability to be stimulated by ATP and DTT. The molecular mechanism of ATP /DTT-mediated stimulation of GC was studied with the solubilized preparation. ANPstimulated GC is the major content of particulate GCs in rat lung. The level of ATP /DTT-stimulated GC activity is comparable to that of ANP-stimulated GC activity. Thus our study was focused on comparison of enzyme activities between ANP-stimulated GC and ATP /DTT-stimulated GC. Some data were presented suggesting that ATP /DTTstimulated GC was a different type from ANP-stimulated GC activity.
MATERIALS AND METHODS

Materials
GTP, ATP, ATPg S, AMPPNP, OG, GTP-agarose, okadaic acid, KN-62, KN-93, lavendustin A, staurosporine, phosphatase inhibitor cocktail 1 (Sigma, P 2850) composed of microcystin LR, cantharidin and (-)-p-bromotetramisole were purchased from Sigma (St. Louis, MO, USA). DTT was from Nacalai Tesque (Kyoto). WGA-agarose, H-8 and H-7 were from Seikagaku Co., Ltd. (Tokyo). ANP and CNP were from Peptide Institute, Inc. (Osaka). CaM kinase II was from Biomol Research Lab. (Plymouth Meeting, PA, USA). Calmodulin was purified from pig brain (23) . Radioimmunoassay Kit for cGMP was purchased from Yamasa (Chiba). The Micro Bio-Spin™ 6 chromatography column was from Bio-Rad (Hercules, CA, USA).
Membrane preparation
Sprague-Dawley rats (male, 200 -250 g) were used and the experimental protocol and design were approved by the Saga Medical School Animal Experimentation Committee. Rats were sacrificed by decapitation immediately after head-stroke. Lungs were immediately removed and homogenized in an ice-cold homogenization buffer composed of 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.1 unit/ml aprotinin and 250 mM sucrose. Homogenates were centrifuged at 600´g for 10 min at 4°C. The resulting supernatant was centrifuged at 40,000´g for 30 min at 4°C. The pellets obtained were washed twice and resuspended to about 10 mg /ml protein in buffer A composed of 10 mM Tris-HCl (pH 7.4), 0.1 mM PMSF, 0.1 unit /ml aprotinin and 250 mM sucrose. Membranes were stored in liquid nitrogen.
Primary incubation and washing membranes
Rat lung membranes (0.2 mg) were incubated at 37°C for 10 min in 0.4 ml of incubation mixtures containing 40 mM Tris-HCl (pH 8.0), 16 mM phosphocreatine, 32 units /ml (0.2 mg /ml of protein) creatine phosphokinase, 1 mM IBMX, 3.8 mM MgCl2, 2 mM ATP and 2 mM DTT. Incubations were terminated by addition of ice-cold 40 mM Tris-HCl (pH 7.4) and centrifuged at 40,000´g for 15 min at 4°C. Pellets were washed and resuspended with 40 mM Tris-HCl (pH 7.4) to approximately 1.72 mg /ml of protein.
Aliquots containing 12 mg of protein (7 ml of suspension) were immediately used for guanylate cyclase assays as described.
Membrane solubilization
Frozen lung membranes were thawed and suspended in a solubilization buffer finally composed of 30 mM OG, 20 mM Tris-HCl (pH 7.4), 0.1 mM PMSF and 150 mM KCl, to give a protein concentration of 5 mg /ml. This suspension was stirred at 0°C for 30 min and then centrifuged at 100,000´g at 4°C for 20 min. The supernatant obtained was designated as the OG-extracts. OG-extracts were collected and diluted to 10 mM OG with buffer containing Lubrol-PX. Protein concentrations were determined according to Lowry using bovine serum albumin as a standard.
Determination of guanylate cyclase activity
GC assays were performed in the reaction mixtures (100 ml) containing 40 mM Tris-HCl (pH 8.0), 1 mM IBMX, GTP-regenerating system consisting of 16 mM creatine phosphate and 32 units /ml (0.2 mg /ml of protein) creatine phosphokinase, 2 mM GTP, 5 mM MgCl 2 and 12 mg of membrane or 3 ml of enzyme sample. To determine stimulation by ATP and DTT, 2 mM ATP and 2.0 or 0.6 mM DTT were added to the reaction mixtures before the addition of the samples. Assays were initiated by the addition of 2 mM GTP and 2 mM MgCl2, incubated for 10 min at 37°C, and terminated by the addition of 0.9 ml of ice-cold EDTA (final concentration 5 mM). cGMP formed was quantified by a radioimmunoassay kit (Yamasa) according to the manufacturer's instructions.
Preincubations of OG-extracts with DTT and either AMPPNP or ATP OG-extracts were diluted threefold to give approximately 700 m g/ml of protein and adjusted to components of buffer D. Buffer D was composed of 20 mM Tris-HCl (pH 7.4), 0.1% Lubrol-PX, 0.025% phosphatidylcholine, 20% glycerol, 0.1 mM PMSF, 1 mM NaN3 and 6 mM MgCl2. To study the effects of preincubation with AMPPNP and DTT or with ATP and DTT, OG-extracts in buffer D were preincubated at 10°C in the presence of 1 mM AMPPNP and 2 mM DTT (1st preincubation). After preincubation at 10°C for 4 h, the preincubation mixtures were buffer-exchanged to buffer D containing 2 mM ATP and 2 mM DTT and further preincubated (2nd preincubation). A Micro Bio-Spin column was used for the bufferexchange, according to the manufacturer's instructions. At the times indicated, aliquots were withdrawn and assayed for GC activity in the absence (basal activity) or presence of both ATP (2 mM) and DTT (2 mM in the 1st preincubation and 0.6 mM in the 2nd preincubation). In some experiments, inhibitors of protein phosphatases (1st preincubation) and of protein kinases (2nd preincubation) were added to the 1st and the 2nd preincubation mixtures. In these cases, GC assay was performed in the reaction mixtures with the addition of the inhibitors.
Procedures for GTP-agarose and WGA-agarose chromatographies GTP-agarose and subsequent WGA-agarose chromatography were carried out as follows: A) Affinity chromatography on GTP-agarose: OG-extracts were diluted to approximately 700 mg/ml of protein and adjusted to components of buffer B (20 mM Tris-HCl (pH 7.4), 20% glycerol, 0.1% Lubrol-PX, 0.025% phosphatidylcholine, 0.1 mM PMSF, 1 mM NaN3 and 2 mM MnCl2) and loaded onto the GTP-agarose column (16´12.4 mm, 2.5 ml) equilibrated with buffer B. The column was washed with 18 ml of buffer B. Bound GCs were eluted with 20 ml of 5 mM GTP in buffer B at 0.15 ml /min. Fractions were collected and assayed for GC activity as described above. B) Affinity chromatography on WGA-agarose: Fractions containing GC activity from GTP-agarose were pooled and adjusted to 0.5 M NaCl and 1 mM EDTA and then loaded onto the WGA-agarose column (16´12.4 mm, 2.5 ml) equilibrated with buffer C (20 mM Hepes (pH 7.4), 20% glycerol, 0.1% Lubrol-PX, 0.025% phosphatidylcholine, 0.5 M NaCl, 1 mM EDTA and 0.1 mM PMSF). After sample loading, the column was washed with 18 ml of buffer C. GC was eluted with 20 ml of buffer C containing 0.25 M N-acetylglucosamine at 0.15 ml /min. Fractions of 0.7 ml each were collected and stored at -80°C.
RESULTS
ATP /DTT-stimulated GC activity and ANP-stimulated GC activity in rat lung membranes
In membrane preparations of rat lung, GC activity was found to be greatly stimulated (about 18-fold) in the presence of both ATP and DTT, but little stimulation was observed with ATP or DTT alone. ATP /DTT-stimulated activity increased with the increase in the concentration of ATP and DTT. Maximal stimulation was observed with 2 mM ATP and 2 mM DTT. Rat lung membranes are known to contain a high activity of ANP-stimulated GC (GC-A). This (GC-A) also required ATP for full activation by ANP.
In the present study, the effect of coexistence in the assay of effectors required for the full activations of ATP /DTTstimulated GC and ANP-stimulated GC was studied, but DTT was observed to have an inhibitory effect on ANPstimulated GC activity at concentrations above 1 mM. Incubation of lung membranes with 2 mM ATP and 2 mM DTT at 37°C for 7 -10 min, followed by washing, was observed to enhance approximately twofold the stimulation of the activity by ATP in the assay, and the addition of DTT to the assay was not required for maximal activity, which was obtained by the presence of ATP alone in the assay. Then, in experiments with the coexistence of effectors, membranes that exhibited a maximal activity with 2 mM ATP after preincubation at 37°C with ATP and DTT were used. Under the coexistence of effectors (ANP, ATP Fig. 1 . ATP /DTT-stimulated GC activity and ANP-or CNP-stimulated GC activity is additive in rat lung membranes. Membranes were initially incubated with 2 mM ATP and 2 mM DTT at 37°C for 10 min and subsequently washed as described under Materials and Methods. Membranes, after initial incubation, exhibited a maximal activity of ATP /DTT-stimulated GC assayed with 2 mM ATP alone (1088 pmol × min -1 × mg -1 of protein, indicated by the arrow). Membranes incubated and washed as above (circles) were assayed for GC activity in the presence of both 2 mM ATP, and the indicated concentrations of ANP (closed circles) or CNP (open circles). GC activities in untreated membranes (triangles) were assayed in the presence of both 2 mM ATP, and ANP (closed triangles) or CNP (open triangles) at 37°C for 10 min. Data show the means of duplicate determinations.
but not DTT) required for each GC, the activities of both GC were observed to be additive at various concentrations of ANP and CNP (Fig. 1) .
Solubilization of ATP /DTT-stimulated GC and some properties of solubilized activity
To investigate the molecular mechanism of ATP /DTTdependent stimulation of GC, the enzyme was solubilized from rat lung membranes by 30 mM OG. GC in OGextracts retained an ability to be stimulated by both ATP and DTT and by ANP and ATP (Table 1) . Solubilization with OG was effective for ATP /DTT-stimulated GC. GC activity in the absence of these effectors was markedly enhanced during solubilization, as has been reported (24) . However, the extent of enhancement by OG in basal activity was greater than that in the ATP /DTT-stimulated activity. Therefore, the ratio of activation by ATP and DTT decreased from 18.5-fold in membrane preparations to 2.5-fold in OG-extracts.
GC activity in OG-extracts was also stimulated by 0.6 mM ATPgS and 2 mM DTT or by 2 mM AMPPNP and 2 mM DTT, 2.1-fold or 1.8-fold, respectively. Recoveries of protein, ATP /DTT-stimulated activity and basal activity in OG-extracts were approximately 42%, 60% and 440% of the initial membrane preparations, respectively. GC in OG-extracts was stable for at least two weeks at -80°C when OG-extracts were diluted threefold with buffer D containing 1.5 mM AMPPNP and 3 mM DTT. However, OG-extracts stored at 0°C lost most of the ATP /DTTstimulation after several hours. If ATP and DTT were included in the preparations, the ATP /DTT-stimulation of this enzyme was relatively stable at 0°C. Also, ATPgS could be substituted for ATP. The nonhydrolyzable ATP analogue AMPPNP had no effect on stabilization at 0°C.
Conversion of ATP /DTT-stimulated GC from a sensitive to an insensitive state, and from an insensitive to a sensitive state to ATP /DTT-stimulation, by preincubation in the absence and presence of ATP and DTT After preincubation at 10°C in the absence of ATP, GC in OG-extracts became insensitive to stimulation by both ATP and DTT. By preincubation with AMPPNP and DTT at 10°C for 4 h, the stimulation of GC by ATP and DTT in the assay was decreased to less than 15% of the initial value (Fig. 2) . Basal activity did not decrease. The conversion of GC from a sensitive to an insensitive state to ATP /DTTstimulation was time-dependent on the preincubation. The preincubation also resulted in a loss of stimulation by both ATPgS, or AMPPNP, and DTT (data not shown). In contrast, ANP-stimulated GC in OG-extracts did not become insensitive to stimulation by ANP and ATP after preincubation at 10°C in the presence of AMPPNP, with or without DTT. Next, we examined whether the GC sensitivity in the assay recovered from a state insensitive to stimulation by ATP and DTT. GC in OG-extracts, which was converted to an insensitive state by the above preincubation and buffer-exchanged, was subsequently preincubated at 10°C for 4 h in the presence of ATP and DTT (2nd preincubation). Rat lung membranes and octyl glucoside-solubilized extracts of membranes (OG-extracts) were assayed for guanylate cyclase (GC) activity in the absence or presence of ATP (2 mM) and /or DTT (2 mM) or the presence of ANP (1 m M) + ATP (2 mM) as described under Materials and Methods. After preincubation with both ATP and DTT, the GC became sensitive to stimulation by ATP and DTT (Fig. 2) . This sensitive state was not obtained by preincubation with ATP or DTT alone (Fig. 3) . GC activity stimulated by ATP and DTT increased 8 -15-fold after preincubation with 2 mM ATP and 2 mM DTT at 10°C for 4 h, but ANPstimulated activity increased only 1.3-fold under the same conditions.
Effects of protein phosphatase inhibitors on the conversion of ATP /DTT-stimulated GC from a sensitive to an insensitive state to ATP /DTT-stimulation The involvement of protein phosphatase(s) in the observed conversion of GC from a sensitive to an insensitive state to ATP/DTT-stimulation was examined. Preincubation of OG-extracts with 0.5 mM okadaic acid or 1% phosphatase inhibitor cocktail 1 had no effect on the basal activity; however, it markedly delayed the decline of sensitivity of GC to ATP /DTT-stimulation (Fig. 4A) . The concentration-effect experiment with okadaic acid showed that okadaic acid in a concentration range from 0.1 to 3 nM had no effect on preventing the conversion of GC from a sensitive to an insensitive state to ATP /DTT-stimulation (Fig. 4B) . However, the conversion from a sensitive to an insensitive state was partly prevented by high concentrations of okadaic acid (>10 nM). Only approximately 57% and 56% inhibition of the conversion from a sensitive to an insensitive state was achieved with 300 nM and 1000 nM okadaic acid, respectively.
Effects of protein kinase inhibitors on the conversion of ATP /DTT-stimulated GC from an insensitive to a sensitive state to ATP /DTT-stimulation
Effects of various protein kinase inhibitors on the conversion of GC from an insensitive to a sensitive state to ATP/DTT-stimulation were examined. As shown in Table 2 , staurosporine (1 m M), a general inhibitor of protein kinases, completely inhibited the conversion of GC from an insensitive to a sensitive state to ATP /DTT-stimulation. KN-62 (10 mM) and KN-93 (5 m M), specific inhibitors of CaM kinase II with a Ki value of 0.9 and 0.37 mM, respectively (25, 26) , had no effect on basal activity but attenuated the conversion of GC from an insensitive to a sensitive state to ATP /DTT-stimulation by 60% and 47%, respectively. On the other hand, preincubation with KN-62 and KN-93 had no effects on ANP-stimulated GC activity. EGTA (1 mM) inhibited the conversion from an insensitive to a sensitive state by 75%, probably by removing Ca 2+ . In contrast, lavendustin A (protein tyrosine kinase inhibitor), H-7 (protein kinase A inhibitor) and H-8 (protein kinase G inhibitor) had no significant effect on the conversion from an insensitive to a sensitive state. The various protein kinase inhibitors, with the exception of EGTA, did not significantly alter the basal and ATP /DTT-stimulated activities when added directly to the assay (data not shown).
Comparison of the effects of ATP and AMPPNP on sensitizing ATP /DTT-stimulated GC to ATP /DTT-stimulation
We investigated the effects of ATP and AMPPNP on the conversion of GC from an insensitive to a sensitive state to ATP/DTT-stimulation. After the step for the conversion from a sensitive to an insensitive state (1st preincubation as in Fig. 2) , preincubation of OG-extracts with both ATP and DTT restored the sensitivity of GC to ATP /DTT-, ATPgS /DTT-or AMPPNP/DTT-stimulation in a timedependent manner (Fig. 5A ). Similar effects were observed when ATPgS and DTT were added to the preincubation instead of ATP and DTT (data not shown). In contrast, preincubation of OG-extracts with AMPPNP and DTT was almost ineffective in yielding GC sensitive to ATP /DTT-, ATPgS /DTT-or AMPPNP /DTT-stimulation (Fig. 5B) . However, when this sample was further preincubated with ATP and DTT at 10°C for 4 h, ATP /DTT-, ATPgS /DTTor AMPPNP /DTT-stimulated activities were recovered (Fig. 5C ). We confirmed that neither ATP /DTT nor ATPCS /DTT altered the activity of this insensitive GC when added directly to the assay, without preincubation.
The effect of the preincubation of GC in eluate from WGAagarose column with OG-extracts
To investigate whether ATP and DTT act directly on the GC molecule to induce the stimulation, GC in OG-extracts was applied to purification by GTP-agarose followed by WGA-agarose. However, purification of ATP /DTT-stimulated GC was not successfully achieved. Stimulation of GC by ATP and DTT was not observed in the elution fraction of GTP-or subsequent WGA-agarose column. The activity assayed with ATP and DTT was markedly lower than that assayed without ATP and DTT (basal).
Combinations of GC in the eluate of WGA-agarose and OG-extracts in the assay mixtures gave no more than additive activity. However, preincubation of GC in eluate of WGA-agarose with the initial OG-extracts in the presence of ATP and DTT at 10°C restored the ability to be stimulated by both ATP and DTT in the assay. GC activity assayed with ATP and DTT was increased fivefold by the preincu- After the 1st preincubation as described under Materials and Methods, OG-extracts were buffer-exchanged to buffer D containing 2 mM ATP and 2 mM DTT and further preincubated at 10°C for 4 h (the 2nd preincubation) with the indicated inhibitors. Then GC activity was assayed in the presence of the indicated inhibitors. The results are expressed as a percentage of activity determined in the absence of inhibitors. The data represent the mean of three independent experiments ± S.D. bation for 4 -6 h with OG-extracts. The ratio of stimulation by ATP and DTT in the assay was 2.4-fold (Fig. 6 ). Preincubation of GC in eluate of WGA-agarose without OGextracts in the presence of ATP and DTT was ineffective (data not shown).
DISCUSSION
Rat lung membranes are known to contain a high activity of ANP-stimulated GC (GC-A) that requires ATP for full activation by ANP. Then, whether or not ATP /DTT-stimulated GC and ANP-stimulated GC are derived from a distinct enzyme needs to be clarified.
To resolve this, the effects of the coexistence of the effectors required for full activation of each GC were studied. The activities of both GCs were observed to be additive at various concentrations of ANP and CNP with coexistence of effectors (Fig. 1) .
Furthermore, the conversion of ATP /DTT-stimulated GC in OG-extracts from a sensitive to an insensitive state to ATP/DTT-stimulation could be achieved by preincubation (Fig. 2) . In contrast, ANP-stimulated GC activity in OGextracts did not convert to an insensitive state to stimulation by ANP and ATP during the preincubation in the presence of AMPPNP with or without DTT. In addition, the conversion of ATP/DTT-stimulated GC from an insensitive to a sensitive state was partly inhibited by protein kinase inhibitors (KN-62 and KN-93) ( Table 2) . However, these inhibitors had no effect on ANP-stimulated GC activity under the same conditions. These findings suggested that ATP /DTT-stimulated GC activity was likely to be a different type from ANP-stimulated GC activity, and the mechanisms for regulation of these GC activities might also be different. However, it might be possible that ATP /DTT-stimulated GC activity was derived from a modified type of ANP-stimulated GC, but further studies would be required to ascertain this.
To examine the mechanisms of the activation of ATP /DTT-stimulated GC, this enzyme was solubilized from rat lung membranes. Early experiments using digitonin to solubilize the enzyme resulted in a complete loss of ATP /DTT-stimulation, whereas ATP /DTT-stimulated GC activity was successfully solubilized with 30 mM OG ( Table 1) . The presence of ATP or ATPgS, with DTT, in OG-extracts stabilized the activity, but AMPPNP was ineffective for stabilization. These results suggest that a phosphorylation event may be involved in the stabilization.
GC in OG-extracts became insensitive to stimulation by both ATP and DTT after preincubation at 10°C (the 1st preincubation). In this experiment, the preincubation buffer included AMPPNP and DTT. However, these additions were not essential for conversion of the sensitive state to the insensitive one. The presence of AMPPNP and DTT in the buffer made any variation in the activity value obtained small and basal activities low, so we decided to add AMPPNP and DTT to the buffer for the 1st preincubation.
Phosphorylation and dephosphorylation have been suggested to be included in the activation and desensitization of GC-A (15, 17, 19) . However, the identity of the responsible protein kinase and PP is not known. From the inhibitory effects of microcystin and okadaic acid on desensitization in cells overexpressing GC-A, the responsible PP was reported to be a microcystin-and okadaic acid-sensitive phosphatase species (19, 20) . The relevant protein kinase has not yet been clarified. In the present study, the conversion from a sensitive to an insensitive state was prevented by high concentrations of okadaic acid (Fig. 4) . Okadaic acid is a potent inhibitor of PP2A, PP4 and PP5 (range of IC50, 0.1 -1.0 nM) but a weaker inhibitor of PP1 (IC50, 50 -100 nM) (27, 28) . The results obtained suggest that PP1 appears to be a major enzyme for mediating the conversion of GC from a sensitive to an insensitive state to ATP/DTT-stimulation, but only approximately 56% inhi- Fig. 6 . Effect of preincubation of GC in eluate from WGA-agarose with OG-extracts. Fractions containing GC activity from a GTPagarose column were pooled and loaded onto a WGA-agarose column as described under Materials and Methods. GC in the eluate from WGA-agarose (WGA-E) was preincubated at 10°C with 2 mM ATP, 2 mM DTT, and 0.5 mM okadaic acid in the absence and presence of OG-extracts. At the times indicated, aliquots were withdrawn and assayed for GC activity in the absence (open bars) or presence of 2 mM ATP and 0.6 mM DTT (hatched bars). As a control, OGextracts were preincubated with both ATP and DTT in the absence of WGA-E. D Activity was calculated by subtracting the GC activity of OG-extracts from the activity of the combined samples (WGA-E + OG-ext.). The results are expressed as a percentage of the initial activity of WGA-E, which was not altered by preincubation. Results shown are the mean of duplicate estimations. OG-ext., OG-extracts; WGA-E, eluate from WGA-agarose; preincubat., preincubation at 10°C.
bition of the conversion from a sensitive to an insensitive state was achieved with micromolar concentrations of okadaic acid (Fig. 4B) . However, this concentration should be sufficient to inhibit protein phosphatases completely (27, 28) . The reasons are unknown, but it is likely that the conversion of GC from a sensitive to an insensitive state to ATP/DTT-stimulation is mediated by the combined action of an okadaic acid-sensitive phosphatase, such as PP1, and an okadaic acid-insensitive phosphatase. On the other hand, the conversion of GC from an insensitive to a sensitive state to ATP /DTT-stimulation was attenuated by KN-62 and KN-93 ( Table 2 ), suggesting that the conversion of GC from an insensitive to a sensitive state to ATP /DTT-stimulation is possibly mediated by mechanisms involving CaM kinase II. However, it should be noted that a high concentration (40 m M) of KN-62 and KN-93 did not lead to any increase in attenuation, compared with 10 mM KN-62 and 5 mM KN-93 (Table 2) . KN-62 and KN-93 were reported not to inhibit the activity of autophosphorylated CaM kinase II (25, 26) . The moderate inhibitory effects of KN-62 and KN-93 were possibly due to the conversion of GC from an insensitive to a sensitive state to ATP /DTTstimulation being partly mediated by autophosphorylated CaM kinase II, or an unknown protein kinase partly participating in the conversion from an insensitive to a sensitive state. To our knowledge, this report is the first noting that CaM kinase II affects the regulation of particulate GC.
The preincubation of OG-extracts with both DTT and, ATP or ATPgS, but not AMPPNP sensitized the GC to subsequent ATP /DTT-, ATPCS /DTT-or AMPPNP /DTTstimulation (Fig. 5) . ATP is a substrate of protein kinase. ATPgS can serve as a substrate of protein kinases for thiophosphorylation of proteins, but AMPPNP does not (29) . The data leads us to speculate that phosphorylation moves GC to a state sensitive to ATP /DTT-stimulation, whereas dephosphorylation may convert GC into a state insensitive to ATP /DTT-stimulation.
With GC in the eluate of WGA-agarose, stimulation by ATP and DTT was not observed. However, it was stimulated by ATP and DTT only after preincubation with OGextracts in the presence of ATP and DTT (Fig. 6) . From these results, it seems that unknown factors included in OG-extracts are likely to be required for sensitizing GC to ATP/DTT-stimulation. A protein kinase was one of the possible candidates for these unknown factors. From the results on the potency of the inhibitors of protein kinases, CaM kinase II was suggested to be partly involved in the regulation of the GC. However, as a preliminary study, preincubation at 10°C of the GC in eluate of WGA-agarose with purified CaM kinase II and calmodulin in the presence of ATP and DTT did not produce any increase in ATP /DTT-stimulated GC activity (data not shown).
So far, little is known concerning the interaction of the particulate GC with sulfhydryl compounds. Two reports have pointed out the role of the juxtamembrane cysteines in GC-A activation (30, 31) . Our results show that coexistence of ATP and DTT are essential for activation of ATP /DTTstimulated GC (Table 1, Fig. 3 ), suggesting that critical sulfhydryl groups participate in the regulation of the GC.
In conclusion, we have succeeded in extracting ATP /DTT-stimulated GC activity from rat lung membranes. With a solubilized preparation, the results in the present studies suggest that the conversion of GC from a sensitive state to an insensitive state, and back to the state sensitive to ATP /DTT-stimulation, could be achieved through dephosphorylation and phosphorylation, partly mediated by possibly PP1 and CaM kinase II, respectively.
